Introduction {#S0001}
============

Bipolar disorder (BD) is a chronic condition associated with structural alterations in the prefrontal cortex (PFC),[@CIT0001]--[@CIT0003] which is a region implicated in the regulation of mood and participates in working memory, attention and many other executive functions.[@CIT0004],[@CIT0005] Alterations in PFC morphometry are related to clinical manifestations,[@CIT0003],[@CIT0006]-[@CIT0008] treatment[@CIT0002],[@CIT0009] and genetic variants in BD patients.[@CIT0010],[@CIT0011] Among these characteristics, the risk allele of rs1006737 polymorphism in the *CACNA1C* gene is of particular interest because it is associated with a positive effect in grey matter (GM) density.[@CIT0010],[@CIT0012],[@CIT0013]

*CACNA1C* is a gene that encodes for the transmembrane α~1C~ subunit of the L-type voltage-gated calcium channel (LTCC) nominated Ca~V~1.2, which facilitate transient activation of inward calcium that regulates the transcription of calcium-dependent genes with neurotropic functions such as brain-derived neurotrophic factor (*BDNF*).[@CIT0010],[@CIT0014] A single nucleotide polymorphism (SNP) of *CACNA1C* has been associated with BD with genome-wide significance, the risk variant consists in the presence of the A allele of rs1006737.[@CIT0014]--[@CIT0016] This variant was also associated with increased GM density in the prefrontal, anterior cingulate, temporal, insular, parietal and occipital cortexes of healthy subjects.[@CIT0010] BD patients who carry the risk allele had been reported with increased GM density in the right amygdala, right hypothalamus, bilateral caudate nucleus, insula, globous pallidus, and frontal pole compared to those without it.[@CIT0012],[@CIT0017] A recent analysis of 117 BD Brazilian patients associated the risk A allele with greater cortical thickness measures in PFC.[@CIT0018] However, these studies used heterogenic samples that included patients treated with different medications which are a known cause of brain morphometric changes.[@CIT0009]

Among the treatments for BD, mood stabilizers are medications with antimanic, antidepressant and prophylactic properties.[@CIT0019] Lithium carbonate and valproate salts are two of the most prescribed medications of the group,[@CIT0020],[@CIT0021] both treatments alter the structure of the brain in different ways.[@CIT0003],[@CIT0009],[@CIT0022] Lithium has been reported to have a positive effect on GM density in different studies.[@CIT0022]--[@CIT0025] Abramovic et al found that BD type I lithium-free patients showed smaller total brain, thinner cortex ﻿in the left superior frontal and precuneus regions, right precentral, superior and inferior parietal areas, and supramarginal occipital regions compared to patients treated with lithium.[@CIT0022] A latter work by Li et al found increased cortical thickness in the left rostral middle prefrontal cortex and right superior frontal cortex of euthymic BD patients treated with lithium compared to those treated with valproate.[@CIT0002] Some other studies have also reported cortical thinning associated with valproate use in the temporal and occipital cortexes of BD patients.[@CIT0026]--[@CIT0028]

Although both treatments and *CACNA1C* risk allele rs1006737 had been described to alter GM in the PFC individually, the effect of each one is not clear because most studies analyzed the genetic variant in patients with different pharmacological treatments. Since brain structure results from the interaction of genetics and environmental factors;[@CIT0029],[@CIT0030] it is important to study this phenomenon considering both characteristics. None of the previous studies about CT and *CACNA1C* risk allele rs1006737 have analyzed a possible interaction with mood stabilizers, nor included Mexican subjects. Hence, we aimed to evaluate the effect and interaction of lithium and valproate treatment and risk A allele of rs1006737 in the cortical thickness measures of the prefrontal cortex of Mexican patients with type I bipolar disorder.

Patients and Methods {#S0002}
====================

Participants {#S0002-S2001}
------------

We conducted a cross-sectional comparative study of 40 bipolar disorder type I (BDI) outpatients from the Affective Disorders Clinic of the National Institute of Psychiatry in Mexico City. Our sample included 20 BDI euthymic subjects on treatment with lithium paired by sex and age with 20 BDI euthymic subjects treated with valproate.

Eligible subjects had to be Mexicans with Mexican parents and grandparents, aged 18 to 65 years, right-handed, without MRI contraindicative conditions and with the ability to provide voluntary informed consent. All participants had BDI diagnosis according to DSM5 criteria[@CIT0031] with a reported diagnostic stability for at least 2 years. We included only patients who had been euthymic at least for 2 months and without hospitalizations in the past 6 months. Suitable subjects had to be on treatment with lithium or valproate without changes for at least 6 months before the study and had no other mood stabilizer, antidepressant or typical antipsychotic. Combinations with atypical antipsychotics and/or benzodiazepines were permitted.

The study was approved by the Institutional Review Board (IRB) committee of the National Institute of Psychiatry "Ramón de la Fuente Muñiz". Informed consent was obtained from subjects who participated in the study and the research was conducted according to the Declaration of Helsinki standards.

MRI Data Acquisition {#S0002-S2002}
--------------------

Magnetic resonance images were acquired using a 3.0 Tesla Phillips Ingenia scanner (Koninklijke Philips, Amsterdam, The Netherlands) at the Brain Images Department of the National Institute of Psychiatry "Ramón de la Fuente Muñíz" in Mexico City. We used a three-dimensional T1-weighted sequence with acquisition parameters of TR/TE =3.5/7.0 ms, FOV= 240 × 240 mm^2^, matrix size = 240 × 240, flip angle = 8°, slice number = 180, voxel size = 1 × 1 × 1 mm^3^.

MRI Data Analysis {#S0002-S2003}
-----------------

Brain scans were analyzed using Brain﻿Voyager 20.6 (Brain Innovation, Maastricht, The Netherlands), each scan went through an individual analysis before group analysis of cortical thickness.[@CIT0032] In the preprocessing steps, the anatomical data in DICOM format were transformed to NifTi format using MRIConvert 2.0.7 (Lewis Center for Neuroimaging, University of Oregon, USA) and later was loaded and converted to the Brain﻿Voyager's internal data format. The data were transformed into ACPC and Talairach space, in the following steps we used data in Talairach space. The brain was extracted using the intensity in-homogeneity correction tool that includes background cleaning, brain extraction, white matter detection, and bias field estimation within white matter voxels. We used the automatic cortex segmentation pipeline to obtain the segmented cortical boundaries and surface reconstructions for later use in the cortex-based alignment.[@CIT0033] In preparation for the advanced segmentation we resampled the anatomical data to 0.5 mm iso-voxels using sync interpolation, subcortical structures and cerebellum were removed using a mask and tissue contrast was enhanced using a sigma filter. Next, we used the advanced segmentation tools for the automatic segmentation of the white matter-grey matter border, the grey matter--cerebrospinal fluid (CSF) border and to polish the calculated borders.[@CIT0034]

Once we concluded the segmentation process a cortical thickness analysis of each subject was performed, Brain﻿Voyager (BV) uses the Laplace method for these calculations.[@CIT0034] In preparation to measure the cortical thickness of our groups, we performed a cortex-based alignment. This procedure consists of morphing a spherical representation of each hemisphere and subject,[@CIT0035] using as an input the reconstructed folded cortical representations obtained in the segmentation process. The spherical representations were later aligned as a group. To accomplish the objective of our study we performed a region of interest (ROI) alignment using the Brodmann ﻿areas (BA) atlas of each hemisphere provided by BV,[@CIT0036] among these BAs we selected the brain regions that represent the dorsolateral and orbitofrontal portions of the PFC. The selected areas were the BA9 (dorsolateral prefrontal cortex), BA10 (anterior prefrontal cortex), BA11 (orbitofrontal cortex) and BA46 (dorsolateral prefrontal cortex), as [Figure 1](#F0001){ref-type="fig"} shows. We obtained cortical thickness measures of each subject at each BA and exported the data for further analysis.Figure 1Regions of interest in the right prefrontal cortex. The colored zones show the anatomical localization of the selected Brodmann areas: dorsolateral prefrontal cortex (BA9), anterior prefrontal cortex (BA10), orbitofrontal cortex (BA11) and dorsolateral prefrontal cortex (BA46).**Notes:** Olive green: dorsolateral prefrontal cortex (BA9). Yellow: anterior prefrontal cortex (BA10). Orange: orbitofrontal cortex (BA11). Mint: dorsolateral prefrontal cortex (BA46).**Abbreviations:** BA, Brodmann ﻿area; BA9, Brodmann ﻿area number 9; BA10, Brodmann ﻿area number 10; BA11, Brodmann ﻿area number 11; BA46, Brodmann ﻿area number 46.

Genotyping {#S0002-S2004}
----------

DNA was extracted from whole blood using the Flexigene DNA kit (Qiagen, Minneapolis, MN, USA). Genotyping of polymorphism rs1006737 was performed with the fluorogenic 5 exonuclease method using the TaqMan C_2584015_10 assay (Applied Biosystems, Foster City, CA, USA). The final volume was 7 µL with the following reaction conditions: 100 ng DNA, 2.5 µL TaqMan Master Mix, 2.367 µL water for PCR, and 0.125 µL 20x probe. The amplification and allelic discrimination were performed on StepOne real-time PCR systems SDS v.2.1 software (Applied Biosystems, Foster City, CA, USA).

Statistical Analysis {#S0002-S2005}
--------------------

Data were analyzed with the software STATA 13.0 (StataCorp. 2013. Stata Statistical Software: Release 13. College Station, TX: StataCorp LP) and GraphPad Prism version 8.0 for Mac OS (GraphPad Software, La Jolla California USA). The normal distribution of variables was assessed with the Skewness and Kurtosis test. Continuous variables with normal distribution were compared with Student's *t*-test; in the case of non-normal distribution, the variables were compared with the Mann--Whitney *U-test*. The association between categorical variables was assessed using the χ2 test or the Fisher exact test as appropriate.

For the analysis of cortical thickness (CT) interaction with mood stabilizers and risk allele rs1006737 of the *CACNA1C* gene, we used a two-way multivariate analysis of covariance (MANCOVA) with age and sex as covariates. The dependent variables of the model were the CT measures of the selected ROIs (BA9, BA10, BA11, BA46) and the independent variables were the presence of risk A allele rs1006737 and lithium or valproate treatment. We evaluated each hemisphere separately since the analysis of BV is conducted likewise and used eta squared (η^2^) to report effect size for each factor and interaction. For the post hoc analysis, we used analysis of covariance (ANCOVA) adjusted by age and sex.

Results {#S0003}
=======

Our sample consisted of 32 women and 8 men. [Table 1](#T0001){ref-type="table"} shows the characteristics of the sample. We identified 19 carriers of risk A allele (0.47). In the comparative analysis of the lithium vs valproate groups, we found no differences regarding the presence of risk allele, clinical and demographic features ([Table 1](#T0001){ref-type="table"}).Table 1Sociodemographic and Clinical Characteristics of BDI Patients Treated with Lithium or ValproateVariableTotal Sample n=40Lithium n=20Valproate n=20pAge (years), M±SD44.17±8.1744.4±8.4843.95±8.060.864Females, n (%)\
Males, n (%)32 (80)\
8 (20)16 (80)\
4 (20)16 (80)\
4 (20)0.653Education (years), M±SD13±3.4712.75±0.8113.76±0.7470.394Illness duration (years), M±SD17.42±8.2115.89± 1.619±2.020.229Antipsychotic, n (%)22 (55)11 (55)11 (55)1Benzodiazepine, n (%)19 (47.5)9 (45)10 (50)1*CACNA1C* risk A allele rs1006737 carriers, n (%)19 (0.47)11 (0.55)8 (0.40)0.527[^1]

We analyzed the effect and interaction of *CACNA1C* risk allele rs1006737 and treatment in the CT measures of the selected ROIs, we performed a two-way MANCOVA of each hemisphere. We tested our variables for normality, linearity, and homogeneity of variance-covariance matrices and found no serious violations of the assumptions for the MANCOVA test with non-significant Box's M test (*p*=0.09).

After adjusting for age and sex, right hemisphere model reported a main effect of mood stabilizers on CT measures ([Table 2](#T0002){ref-type="table"}). There was no effect of risk allele rs1006737, age and sex; nor interaction between mood stabilizers and risk allele presence on CT measures ([Table 2](#T0002){ref-type="table"}). Since the multivariate model showed no association of sex with CT measures and our subjects were paired by sex and age as part of the design of the study, we conducted no further analysis regarding sex influence on CT measures. The analysis of left hemisphere did not show differences between the independent variables or covariates and CT measures ([Table 2](#T0002){ref-type="table"}).Table 2Multivariate Analysis of the Effect of Mood Stabilizers, *CACNA1C* Risk A Allele rs1006737, Sex and Age on the Prefrontal Cortical ThicknessHemisphereIndependent VariablesWilk's LambdaF-TestpEffect Size (η^2^)RightIntercept0.00371.830.00880.7245Mood stabilizers0.48973.390.04160.1748*CACNA1C* risk A allele rs10067370.58522.300.11360.1256Age0.00991.460.08520.6342Sex0.62131.980.15700.1101Mood stabilizers\#rs10067370.60322.140.13390.1179LeftIntercept0.02050.980.54390.5848Mood stabilizers0.57722.380.10530.1294*CACNA1C* risk A allele rs10067370.73421.180.36610.0686Age0.03031.010.49320.5453Sex0.75911.030.42780.0604Mood stabilizers\#rs10067370.89640.380.82200.0231[^2]

Finally, we conducted an ANCOVA post hoc analysis of the right hemisphere CT measures using age and sex as covariates ([Table 3](#T0003){ref-type="table"}). We identified significant differences in the CT of the orbitofrontal cortex showing a higher mean of CT in the group treated with lithium compared with valproate treated group ([Figure 2](#F0002){ref-type="fig"}). The dorsolateral prefrontal cortex (BA9 and BA46) and the anterior prefrontal cortex (BA10) reported no differences between the comparison groups ([Table 3](#T0003){ref-type="table"}).Table 3Comparative Analysis of Cortical Thickness in BDI Subjects Treated with Lithium or ValproateROI Right HemisphereLithium M ± SD (mm)Valproate M ± SD (mm)ANCOVApDorsolateral prefrontal cortex (BA9)2.77 ± 0.302.60 ± 0.25F (3,36) =1.710.1831Anterior prefrontal cortex (BA10)2.85 ± 0.342.65 ± 0.27F (3,36) =2.420.0829Orbitofrontal cortex (BA11)3.23 ± 0.462.86 ± 0.39F (3,36) =3.400.0280Dorsolateral prefrontal cortex (BA46)2.59 ± 0.282.47 ± 0.25F (3,36) =2.420.0823[^3] Figure 2Cortical thickness of regions of interest. Comparative analysis of BDI patients treated with lithium or valproate.**Abbreviations:** BDI, ﻿bipolar ﻿disorder type I; BA9, Brodmann ﻿area number 9 (dorsolateral prefrontal cortex); BA10, Brodmann ﻿area number 10 (anterior prefrontal cortex); BA11, Brodmann ﻿area number 11 (orbitofrontal cortex); BA46, Brodmann ﻿area number 46 (dorsolateral prefrontal cortex); \**p*\<0.05.

Discussion {#S0004}
==========

The present study used a multivariate analysis of covariance to determine the effect and interaction of lithium and valproate treatment with *CACNA1C* risk allele rs1006737 on cortical thickness measures from the prefrontal cortex of Mexican euthymic BDI patients. To the best of our knowledge, this is the first study to explore the gene variants and treatment interaction effects on this matter.

According to our analysis, the right prefrontal cortical thickness of our patients was related to mood stabilizers and was not significantly associated with the presence of the *CACNA1C* risk A allele rs1006737. These results are discordant to previous works, where the presence of this risk allele relates to increased GM density and cortical thickness[@CIT0012],[@CIT0018],[@CIT0037] even in healthy subjects.[@CIT0013] There are two characteristics of our study that might explain this discrepancy. First, most of the studies that previously associated risk allele rs1006737 with increased GM in the PFC measured whole-brain volumes or used voxel-based morphometry. We used a CT approach based on the Laplace method and employed specific ROIs of the prefrontal cortex that potentiated the precision of our measures.[@CIT0036] Second, this is the first study to report the effect of *CACNA1C* rs1006737 in the PFC structure of Mexican subjects. Since gene frequencies are different across populations, the effect of this SNP in our sample is different from the reported in other studies. More studies are needed to understand the effect of this genetic variant in bipolar disorder patients.

After the identification of the main effect of treatment in the multivariant analysis, the post hoc univariate analysis allowed us to identify cortical thickening on the right orbitofrontal cortex related to lithium. The orbitofrontal cortex is implicated in decision making and impulsivity,[@CIT0004] in BD patients orbitofrontal CT is related to executive functioning[@CIT0040] and cortical thinning of this area was associated with suicide attempts in young subjects.[@CIT0038] In light of the previously mentioned, the preservation of the orbitofrontal cortex may play a role in lithium effects on suicidal behavior.[@CIT0039]

The findings that we present regarding a lithium-related cortical thickening are in agreement with previous works on the effects of lithium and valproate in GM.[@CIT0022],[@CIT0024],[@CIT0025],[@CIT0027] Valproate has been reported to have positive, negative and no effect on GM.[@CIT0002],[@CIT0025] The review by Hafeman found that 17 out of 22 studies of mood stabilizers (including valproate) reported no effect of treatment on brain volumes, whereas the remaining 5 studies showed increased or normalized volume.[@CIT0009] In a large sample of MRI scans, the Enigma Bipolar Disorder Working Group found reduced cortical thickness in the left and right lateral occipital gyrus and right paracentral gyrus associated with antiepileptic treatment.[@CIT0026] Our findings concur with the reduction of cortical thickness associated with valproate in previous papers.[@CIT0025],[@CIT0027]

On the other hand, a recent meta-analysis which included 15 studies and 854 subjects reported a significantly larger global GM volume in BD patients treated with lithium compared to those without.[@CIT0025] Hafeman et al reported that 45% of the included studies in his review found lithium to either normalize or increase GM volume compared to non-lithium BD patients and healthy subjects.[@CIT0009]

Specifically, in the PFC, previous studies had replicated these findings. Li et al reported increased CT in the prefrontal cortex of BD patients on lithium compared to the ones on valproate,[@CIT0002] and the Enigma Bipolar Disorder Working Group found an increase in CT of PFC regions associated with lithium treatment.[@CIT0026]

Although there is still no clear explanation for the effect of this molecule in brain structure, the increase in GM and global brain volumes have been linked with some treatment characteristics.[@CIT0009] Two longitudinal studies have associated GM density to treatment response, Lyoo et al observed a lithium-induced GM increase related to improvement in depressive symptoms.[@CIT0023] The other longitudinal study focused on the PFC and found that GM density was related to treatment response to lithium in patients with bipolar depression.[@CIT0024] In our sample, we included only euthymic patients with no treatment changes in the past 6 months nor hospitalizations, which makes it highly possible that most of our subjects were at least partial responders to lithium. Another characteristic associated with lithium effect over GM is the duration of treatment. Sani et al reported that BD patients with long exposure to lithium (\>24 months) had larger hippocampal volumes compared to subjects with a short exposure (\<24 months).[@CIT0041] Lyoo et al reported that GM lithium-induced increase peaked at 10--12 weeks of treatment and was sustained until the end of the study (16 weeks) while GM density in the group treated with valproate and healthy subjects remain unchanged.[@CIT0023] Even when we did not include in our study time of treatment, our subjects had more than 24 weeks on lithium. Considering the information provided by Lyoo et al,[@CIT0023] we assume that all of our lithium subjects had already passed the peak of GM increase. Nonetheless, we consider that time of exposure to lithium could similarly influence the structure of PFC as reported in the hippocampus[@CIT0041] and further investigations are needed on the topic.

The strengths of our study reside in the careful selection of our patients, with strict selection criteria that allowed us to limit potential confounders like the effect of some medications and affective symptoms. Our paired population helped to deal with the effects of age and sex. Nevertheless, both factors were included in the multivariate analysis as covariates where we found neither was associated with CT. Finally, the technique for CT analysis that we used contributed to finding subtle changes in brain morphometry.

We acknowledge some limitations in our study such as the lack of a control group, a female majority in our subjects and a small sample size. However, it is important to mention that significative associations of a gene variant with brain structure or function can be found with modest sample sizes.[@CIT0042],[@CIT0043] The reason for this, relays on a principle of imaging genetics which states that "brain structure, chemistry and function is closer to gene function than trait differences in overt behavior."[@CIT0043] Because of this close relationship, large effects of a single gene can be expected, and sample size can be modest without compromising statistical power.[@CIT0042]--[@CIT0044] Despite the previously mentioned, we consider that larger studies are needed in the field, and the results that we present must be replicated in a bigger and more balanced sample before generalizing the findings to all patients.

Conclusion {#S0005}
==========

Our results suggest that *CACNA1C* risk allele rs1006737 is not associated with prefrontal CT in BD Mexican patients treated with lithium or valproate, it seems that in our sample the mood stabilizers were the main agent influencing the structure of a region implicated in the regulation of mood and behavior. Among the analyzed ROIs, the right orbitofrontal cortex reported lithium-related CT increase which is consistent with previous reports. In BD patients, the CT of the orbitofrontal cortex is associated with executive functions[@CIT0040] and suicide attempts.[@CIT0038] Hence, the conservation of the analyzed region is crucial for patient's clinical outcomes. The findings in our study contribute to a better understanding of the effect of *CACNA1C* risk allele rs1006737 and mood stabilizers over the structure of PFC.
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[^1]: **Abbreviation:** BDI, bipolar disorder type I.

[^2]: **Note:** Mood stabilizers\#rs1006737, interaction between mood stabilizers and *CACNA1C* risk A allele rs1006737.

[^3]: **Abbreviations:** ROI, region of interest; M, mean; SD, standard deviation; BA, Brodmann ﻿area.
